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Identifying factors that shape species distribution patterns is a focus of ecology and 
evolutionary biology. These factors include landscape features, such as rivers or mountain 
ranges, and molecular mechanisms, such as the degree of migration load or genetic 
variations (Waples & Gaggiotti 2006; Bridle et al. 2009; Bernatchez 2016). Nevertheless, 
these factors could be potential factors for species with relatively small dispersal ability, 
the distribution of the species with high dispersal ability such as marine species 
demonstrate more complex patterns (Waples 1998, Waples & Gaggiotti 2006). Increasing 
numbers of studies have notified the shifts of marine species distribution as response to 
the recent global warming (Perry et al., 2005; Cheung et al., 2013). Understanding how the 
habitat ranges will shift in the future is imperative to predict their future distributions 
based on the current habitat suitability of the species. Because rise in seawater 
temperatures due to the recent global warming is reported as one of the factors affecting 
habitat range shifts (Perry et al. 2005; Neuheimer et al. 2011; Pershing et a., 2015), 
environmental factors are expected to have a great influence to all organisms (Hoffmann & 
Willi 2008). In order to predict species habitat range shifts in the future, it is necessary to 
reveal genetic population structures of study species (i.e. genetically distinct population 
unit), and their genetic basis or genes responsible for the adaptation to their habitat 
(Narum et al. 2013; Bernatchez 2016). 
    The Pacific cod Gadus macrocephalus is widely distributed in the North Pacific Ocean, 
mainly along the continental shelf or shallower slopes. This species is important both 
economically as major marine resources and ecologically as a keystone species in the 
North Pacific Ocean (Zheng & Kruse 2006; Frank et al. 2007). Since the Pacific cod sustains 
one of the largest fisheries in the North Pacific Ocean and also along the Pacific coast of the 
northern mainland of Japan (Narimatsu et al. 2010), it is necessary to monitor their 
response to the recent climate change. Marine environments around Japan are known as 
unique and highly heterogeneous created by two different warm currents, Kuroshi and 
Tsushima, and two different cold currents, Liman and Oyashio. The Pacific cod has its 
southern limit of population at the southwestern region of Japan at the coast of Shimane 
prefecture in the Sea of Japan and to Ibaragi Prefecture on the Pacific coast (Mishima, 
1984). The Pacific cod populations around Japan islands are grouped into three 
management areas. However, since it has been grouped for the purpose of fisheries 
managements, the grouping does not reflect the genetic population structures of the 
Pacific cod. How the Pacific cod populations around Japan genetically inhabit and adapt to 
these heterogeneous environments has not been focused before. While the habitat ranges 
of marine organisms with high dispersal ability are reported to shift in response to the 
recent climate changes (Perry et al., 2005; Neuheimer et al. 2011), the genetic basis 
underlying the adaptation to their habitat environments are poorly studied in such marine 
organisms. Therefore, the study on the Pacific cod inhabiting heterogeneous environment 
around Japan will help to understand the genes responsible for the habitat adaptation. 
    To understand and predict species habitat range shifts in response to recent climate 
changes, it is important to reveal the genetic population structures of the species and 
genetic basis responsible for the adaptation to their habitat. The purpose of my study is to 
understand the genetic basis of environmental adaptation in the Pacific cod by identifying 
genetic population structures in the Pacific cod around Japan (chapter I), and by detecting 
candidate adaptive genes related to their habitat environments (chapter II). 
Chapter I 
    I examined population structure of the Pacific cod inhabiting around Japan with 
considering (i) the number of microsatellite 
markers, (ii) a highly polymorphic mitochondrial 
DNA (mtDNA) region to detect genetic variation 
and (iii) the number of sample locations that 
encompassed the overall range of the Pacific cod 
around Japan. In this chapter, I used samples form 
16 locations, including the Pacific Ocean, Sea of 
Japan and Sea of Okhotsk, which encompassed 
most of the areas where the Pacific cod is 
distributed. Fifteen microsatellite loci and 1015 bp 
of the ND2 (mtDNA) were analysed to estimate 
genetic divergence. In total, 274 individuals were 
sampled from 16 locations around Japan to 
estimate the level of genetic differentiation and 
effective population size (Ne). Pairwise FST, 
analysis of molecular variance and Bayesian 
 
Fig. 1 Population structure of the Pacific cod 
inhabiting around Japan and winter water 
temperature. (a) Results of Bayesian 
clustering analysis obtained using 
STRUCTURE. Vertical lines show the 
proportions of individual genotypes relative 
to the simulated clusters. (b) Bottom water 
temperature in winter. Open and closed dots 
indicate eastern and western groups, 
respectively.  
clustering analysis suggested the presence of two genetically distinct groups in waters 
around Japan (Fig.1a), with a higher Ne value in the eastern group than in the western 
group. A possible factor that restricting the gene flow between the groups may be related to 
the water temperature differences in the southwestern part of the Sea of Japan, where the 
Tsushima Warm Current directly flows around the area inhabited by the western group, 
which may limit migration between the west and east (Fig.1b). 
Chapter II 
Understanding the genetic basis of how organisms adapt to their local habitats is crucial for 
predicting evolutionary responses of many organisms to the on-going environmental 
change. In this study, I employed restriction site associated DNA (RAD) sequence to identify 
genome-wide single nucleotide polymorphisms (SNPs) in natural populations of the Pacific 
cod, one of the important marine resources in the North Pacific Ocean with having its 
southern limit in the southwestern region of Japan. I identified 1629 SNPs in 235 
individuals collected from 19 sites around Japan. Population genomic analyses confirmed 
the results of the previous study using traditional markers (i.e., mtDNA and microsatellites) 
showing the population divergence between the southwestern and the northern 
populations. Outlier analyses detected 25 SNPs under natural selection and one of the SNPs 
was closely located near hemoglobin genes. Further amplicon sequencing revealed linkage 
disequilibrium around a hemoglobin gene cluster with demonstrating an important amino 
acid replacement on the α1-globin. The Asp76Glu replacement seems to locate at crucial 
position close to heme pocket (Fig. 2a), and this replacement may affect the oxygen-binding 
properties. Since higher frequency of Glu76α was observed in the southwestern regions 
(Fig. 2b), this type may have become adaptive phenotype in the southwestern population. 
The results suggested that the hemoglobin gene might have been responsible for adaptation 
to different thermal environments in the southwestern part of the Sea of Japan. Although 
hemoglobin is suggested to be under adaptive evolution in the relative species, the Atlantic 
cod, the Asp76Glu replacement on the α1-globin had not been reported because the 
adaptive mutations occurred in different location in the Atlantic cod. Thus, this mutation had 
been evolved uniquely to the Pacific cod. The present study indicates that several genes (i.e., 
hemoglobin and GABA A receptor) have been subject to natural selection among the 
populations inhabiting different water environments even within the same ocean regions. 
 
Discussion 
Marine organisms are reported and predicted to shift their distributions in response to the 
recent climate changes (Perry et al. 2005; Neuheimer et al. 2011; Pershing et a., 2015). 
Because rise in seawater temperatures due to the recent global warming is reported as 
one of the factors affecting habitat range shifts (Perry et al. 2005; Neuheimer et al. 2011), 
it is necessary to reveal their adaptive potential of the species in the face of climate change. 
My results using population genomics approaches suggested that two distinct cod 
populations inhabiting in different environmental conditions may have adapted to each 
local habitat. The environmental conditions in the southwestern part of the Sea of Japan 
are constantly influenced by the Tsushima Warm Current, and thus, the water 
temperature is relatively warmer than that in the northern area. The detected SNPs that 
demonstrate signature of natural selection were closely located to functionally important 
genes that may have responded to their local environments. My results suggest that 
different environmental conditions around Japan may have been a selective pressure for 
the Pacific cod with showing evidence of adaptation in their genome. The SNPs and 
candidate genes detected in my thesis may play an important role in the adaptation to 
habitat environments; particularly, the non-synonymous mutation found in the 
hemoglobin gene might become a crucial phenotype to the recent climate change. 
Monitoring the changes in these allele frequencies over time will help for predicting the 
change in distribution of the Pacific cod. This study could provide important genetic 
 
Fig. 2 Hemoglobin α1 replacement 
position and its allele frequencies.  
(a) Mutations (Asp76Glu, only Glu 
type is shown) occur between two 
helices containing histidine (pink) 
that bind with heme pocket (blue). 
(b) Geographical distributions of α1 
alleles. Numbers in each pie chart 
indicate sample sizes. 
markers to monitor the Pacific cod for improving the management by considering 
adaptive potential of the Pacific cod. Since the Pacific cod is economically important 
marine resources in the North Pacific Ocean, the findings in this study will be helpful for 







により得られた 1629 の SNP を用いた解析の結果、鳥取･島根沖の集団とその他の集
団とに遺伝的構造の違いが検出された。さらに、Bayscan, Lositan, BayeScEnv, Bayenv2
を用いて、２種類以上の方法で自然選択を受けている 25 の SNP が検出された。それ
ら近傍の 50Kb 以内にある遺伝子は 4６遺伝子であった。GO 解析の結果、Transport
および Oxygen transport が GO term として検出され、GABA A receptor, Solute carrier 
family 7, hemoglobin が候補遺伝子としてあげられた。そのうち、hemoglobin 遺伝子
は、タイセイヨウダラでも自然選択を受けていることから、SNP 近傍の hemoglobin
遺伝子 7kb の配列を決定した。その結果、３つの非同義サイトの変異があり、その
うち３つは枝もグロビン４量体を形成する α-subunit と β-subunit であった。変異部
位がヘモグロビンの構造と機能への影響を調べるためにシミュレーション解析を行
った結果、α-subunit にみられる 76 番目アミノ酸が Asp から Glu に変わることで、
酸素親和性に関するヒスチジンフリップに違いが見られることが明らかになり、島
根･鳥取沖の集団でみられる α-subunit の変異型は、酸素結合力に優れ、海水温の上
昇に伴う酸素欠乏に適応しているのではないかということが示唆された。須田亜弥
子氏の研究は、マダラにおいて、初めて環境適応に関連していると思われる候補遺
伝子を検出し、その一つのヘモグロビンは酸素結合能力に違いがあることを示した
重要な結果を提示した。これらの研究は、須田亜弥子氏が主導で行った研究で、須
田亜弥子氏は研究活動を行うに必要な高度の研究能力と学識を有することを示して
いる。したがって，須田亜弥子氏提出の論文は，博士（生命科学）の博士論文とし
て合格と認める。 
